Summary: We examined correlations between findings on chest high resolution computed tomography (HRCT), pulmonary function and values of serum angiotensin converting enzyme (ACE) in 25 patients with sarcoidosis. The most frequent CT features were small nodular opacities. The small nodules, representing the confluence of epithelioid granulomas, are strongly correlated with peribronchovascular, perilobular, and centrilobular lesions, where there is an abundance of lymphatic plexus. This strongly suggests the importance of the lymph vessels in the pathogenesis of sarcoidosis. The pulmonary functions tests showed obstructive defects in 6 and mixed-type defects in 2 of the 25 patients. Furthermore, an elevation of V50/V25 ratio suggesting small-airway disease was detected in many patients who showed normal values of FEV10% and %VC. This fact indicates that small-airway disease was manifested earlier in sarcoidosis patients. Statistically significant negative correlations were found between visual score and %VC, %FVC, FEV10%, %TLC, and %DLco, but there was no significant correlation between visual score and serum ACE. ACE is derived from granuloma-forming epithelioid cells, and the activity of ACE decreased rapidly in mature granulomas. Epithelioid cells in the mature granulomas which can be recognized on HRCT scan have stopped or are about to stop the release of ACE. In this study, serum ACE activity was found to be elevated and correlated with %V25 and V50/V25 at an early stage of the disease. The results of this study provide meaningful insights into the process of sarcoidosis in lung.
INTRODUCTION
Sarcoidosis is a multisystemic disorder of unknown cause characterized by the presence of noncaseating granulomas [1] [2] [3] [5] [6] [7] 10, 11] . It may involve almost any organs [1, 6] , but most morbidity and mortality is the result of pulmonary disease [3, 6] . Pulmonary manifestations are present in 90% of patients [6, 15] .
The purpose of this study was to elucidate the processes of the disease in the lung. We examined correlations between findings on chest high resolution computed tomography (HRCT), pulmonary function tests, and values of serum angiotensin converting enzyme (ACE).
MATERIALS AND METHODS

Subjects
The subjects were 25 patients with sarcoidosis (10 males and 15 females, mean age 45 years, ranging from 20 to 70. Eleven were current or former smokers, 14 were nonsmokers) who had pulmonary abnormalities on high resolution CT with negative bacterial and fungal study. A histological diagnosis was made by transbronchial lung biopsy (TBLB) in 19 patients and by inguinal lymph node biopsy in 1 patient. In the remainder 5 patients, the diagnosis was made on the basis of analysis of bronchovascular lavage fluid (BALF) and findings on radiograms including Ga scan. High resolution CT scanning was performed in the supine position during breath holding. The lung was scanned from the lung apex to lcm below the dome of the diaphragm using 10 mm collimation at intervals of 3 mm when the Pro seed scanner (Yokogawa Co., Japan) was used and 2 mm when the CT/T 9200 scanner (GE, USA) was used. All images were obtained at window levels appropriate for pulmonary parenchyma (mean, -700 to -900 HU; width, 1000-2000 HU) and mediastinum (mean, 30-50 HU; width, 400-500 HU).
Each individual section on the CT scan was assessed for the presence, pattern, and distribution of parenchymal and interstitial disease, and the findings were classified into the following 11 patterns. 1) nodule; nodules were defined as round, highattenuation, areas of less than 20 mm in diameter. The term micro-nodule was used for nodules of less than 3 mm in diameter (Fig. 1) .
2) consolidation; consolidation was defined as a high attenuation area of more than 20 mm in diameter with or without cavity (Fig. 2a,b) .
3) ground-glass opacity; ground-glass opacity was defined as areas of increased attenuation without obstruction of the underlying vessels and bronchi (Fig. 3) . 4) septal line; septal line was defined as a regular or irregular thickening of interlobular septa (Fig. 4) .
5) non septal line; non septal lines were linear areas of high attenuation distinct from interlobular septa or bronchovascular bundles. 6) subpleural curve linear opacity; linear opacities parallel to the subpleural curve representing partial atelectasis (Fig. 5) .
7) small cyst area; small cyst areas were localized areas of decreased attenuation with well defined walls (Fig. 6) . 8) architectural distortion; displacement of fissures, bronchi, and vessels (Fig. 7) . 9) irregularly thickened bronchovascular bundles; (Fig. 8) 10) wall abnormality; wall abnormalities consisting of thickening of bronchial walls.
11) luminal abnormality; luminal abnormalities consisting of smooth or irregular and nodular occlusion or narrowing. The bronchial lumina are irregularly narrowed (arrow).
and the lower zone, below the level of the inferior pulmonary veins. The presence of the opacities, classified into categories 1 to 8 as above, was recorded separately in the three areas of the lung to yield a total visual score of parenchymal opacities. The score was based on the percentage of lung parenchyma that showed evidence of each recorded abnormality, estimated as follows: 1, involvement of less than 25% of the image; 2, 25-50%; 3, 50-75%; 4, more than 75%. The scores for each zone were then added to obtain a global extent score, ranging from 0 to 12, referred to as the CT extent score of each CT abnormality.
A total score of lung involvement was obtained by summation of the global extent score of all CT abnormalities, ranging from 0 to 96, which is further referred to as the overall CT extent score of disease severity. Correlation between total visual score and variables of pulmonary function, serum ACE values and PaO2 were examined by Spearman test.
RESULTS
HRCT
The most frequently encountered abnormalities on HRCT were nodular opacities. In particular, micro-nodules less than 3 mm diameter were detected in all patients, followed by hilar or mediastinal lymph node swelling. These nodules were located in the peribronchovascular interstitium, in perilobular lesions (interlobular septa and subpleural lesion), and in centrilobular lesions (Fig. 1) .
Consolidation, which is a confluence of small nodules 20 mm or more in diameter, with an irregular margin, was encountered in 8 (32%) of the 25 patients, and was accompanied by cavity formation in 2 of them (Fig. 2a,b) .
Thickened interlobular septa due to sarcoid granulomas along the lymphatics or small vessels in the interlobular septa, or fibrosis, were observed in 7 patients (28%) (Fig. 3) . Ground-glass opacity, referring to the presence on HRCT of a hazy increase in lung, was detected in more than half of the patients (64%) (Fig. 4) . In contrast, non-septal lines, which are known to represent fibrotic changes in the pulmonary interstitium, were observed in only 4 (16%) patients. Small cystic areas, which correspond to a micro honeycomb, were seen in even fewer patients (2.8%) 
Pulmonary function tests
The mean values of %VC, %FVC, FEV1 .0%, % TLC, %DLco were within normal limits but the value of V50/V25 exceeded 3.0, and obstructive defects were detected in 6 (24%) patients and mixedtype in 2 (8%). This study found that the nature of To exclude the effect of smoking on the pulmonary function, we examined exclusively the values estimated in 14 non-smokers. In this group, obstructive defects were detected in 2 patients and mixed type defects in one among the 14 patients. In addition, in 9 (81.1%) of 11 patients, who showed normal values of FEV1 .0% and %VC, an elevated V50' v25 ratio with mean value of 3.9 was recognized. This fact indicates that abnormal small airway function is manifested earlier in sarcoidosis patients, preceding the reductions in %VC and FEV10/FVC. Thus, an association of serum ACE activity with airway disease, especially small airway disease, in sarcoidosis patients, is suggested by these data.
DISCUSSION
Sarcoidosis is a generalized granulomatous disease of unknown etiology. A majority (about 90%) of the patients with this disease manifest pulmonary lesions including intrathoracic lymph node involvement [15] . Therefore, the lung is considered to be the most important organ in which to elucidate the disease processes, and many studies have focused on the investigation of pulmonary lesions. Radiographically, an attempt to elucidate the pathogenesis and disease processes has been made by examining the nature of the lesions and their distribution patterns in the lung [1] [2] [3] [4] [5] [6] [7] [8] 20 ].
Diverse manifestations are demonstrated on HRCT scans of patients with sarcoi 'osis; the most characteristic abnormality consists of small nodules [15] . Small nodules of less than 3 mm in diameter representing the confluence of epithelioid granulomas, are most common, and they were detected in all patients in this study. The favorable sites in the lung parenchyma of granuloma formation are known to be the interstitium of the peripheral lung (subpleural tissue, interlobular septa containing veins and lymphatic branches, the connective tissue of centrilobular branches, the bronchioles and arterioles) and approximately 75% of the granulomas are found at these sites [13, 14] . Accordingly, the most frequently observed HRCT findings in the lung are nodular and/or ground-glass opacities and consolidations consisting of confluences of nodules, followed by irregularly thickened bronchial walls, swollen bronchovascular bundles and vessels [1] [2] [3] [4] [5] [6] [7] [8] 15, 20] . Cavity formation has been reported in 3 to 5% of consolidative lesions [15, 17] . In this study, cavities were detected in 2(8%) of 25 patients. Cavities representing bulla or bronchiectasis are common in patients with extensive fibrosis, however, in rare cases the pathogenesis may be ischemic necrosis of conglomerate granulomas. Ground-glass opacities are reported to represent area of active alveolitis. In this regard, Nishimura et al.
[20] reported on a histopathological examination of biopsied or necropsied lung tissue and compared the microscopic findings with radiographic findings on HRCT. They found that there were no apparent lesions of alveolitis in the lung tissues of patients who showed ground-glass opacities on CT scan, instead there were diffusely distributed interstitial granulomas and fibrosis. Therefore, it seems likely that ground-glass opacity reflects the widespread interstitial granulomas of a size below the limits of resolution of CT (0.5-0.3 mm) with or without peri- . The incidence of non septal lines was lower in the present study (16%) than in the study by Remy-Jardin (26%) [1] . Small cystic changes were seen in only 2 patients. Irregular thickening of bronchial walls or narrowing of the lumen were observed in 16 patients (64%), while markedly thickened bronchovascular bundles were seen in only 4 (16%). This means that the number of patients who had advanced sarcoidosis with accompanying fibrotic change was rather small in this study. As previously mentioned, the most frequent findings on HRCT scan in the present study was the dissemination of small nodules of less than 3 mmdiameter, followed by lymphadenopathy in the hilum and mediastinum. These results are compatible with those of previous reports [4, 15, 19] . Small nodules, the confluence of sarcoid granulomas, were most frequent in the peribronchovascular, perilobular and centrilobular interstitium, where there is an abundant lymphatic plexus. This finding strongly supports the importance of the lymph vessels in the pathogenesis of sarcoidosis. and variables of pulmonary function, the visual scores correlated negatively with %VC, %FVC, %TLC, FEV1.0%. A statistically negative low conelation was also demonstrated between visual score and %DLco, but a marked reduction in diffusing capacity was seen in only one patient. This might mean that the severity of the fibrotic changes was milder, however the number of the patients with impairment of diffusion was smaller in the present study than in previous studies. A constrictive ventilatory impairment has been demonstrated in patients with sarcoidosis and has been shown to be due to the diffuse distribution of lesions accompanying the fibrotic changes [1, 3, 4, 8, 15 ]. An obstructive ventilatory impairment is not rare in sarcoidosis patients [1, 4, 21] . In the patients of the present study, distortion of the bronchi and bronchiectasis resulting from widespread fibrotic changes was rarely seen, in contrast to the frequent incidence of lesions in the peripheral lung parenchyma. Therefore, the obstructive disturbance is considered to be due to extensive damages in small airways, resulting in reduction in FEV1.0% [9, 21] . PaO2 was demonstrated to correlate negatively with visual score only when non-smokers were examined. The cause of hypoxemia in nonsmokers with high visual score is not reduction in diffusing capacity but ventilation-perfusion mismatch [9] . There was no distinct correlation between visual score and serum ACE activity, which is similar to the finding in previous reports. ACE is known to be derived from granuloma-forming epithelioid cells and therefore the activity of the enzyme in serum reflects the total amount of granulomas [28] . Okabe et al. [30] however, reported that in-vitro large amounts of lysozyme and ACE are released from epithelioid cell to the medium used for culture but the amount of the latter decreased rapidly and reaches undetectable levels at 3 weeks of culture, while release of lysozyme continues for over one month. Accordingly, epithelioid cells in the mature granulomas which can be recognized on HRCT scan may have stopped or may be about to stop releasing ACE. Silverstein et al. [28] could not demonstrate an elevation of ACE in the sera of sarcoidosis patients with extensive fibrotic changes [28] . The visual score increases in parallel with the progression of the disease because lesions other than granulomas, i.e., fibrotic changes, become prominent on HRCT scan as the disease progresses. Therefore, we considered that there was no positive correlation between visual score and serum ACE. analyzed the sequential steps of the progress of the disease by histopathologca' examination of autopsy material from a total of 320 patients with sarcoidosis. They found that sarcoid lesions are most frequently detected in the lung parenchyma and in hilar and mediastinal lymph nodes. In patients having the disease for longer duration, hyalinization of the hilar and mediastinal lymph nodes was common. From the results of the histopathological observation, they suggested that the initial sarcoidosis lesions are formed in the lung and spread to other organs. They also pointed out a possible hematogenous spread, in addition to the lymphogenous dissemination of the disease, based on the finding that granulomas were found not only in the bronchovascular interstitium but also in the alveolar septa which lack lymph ducts, although the latter were less frequent. It has been shown by Leak and Jamuar [26] that pulmonary lymphatic capillaries begin within the connective tissue area of the terminal and respiratory bronchioles and also within the pervascular connective tissue area around pulmonary arterioles and venulaes, as well as within the pleura and the juxtaalveolar areas of the interlobular septa. This was also proved by the pulmonary function evidence that small-airway disease was recognized at a very early stage of the disease, indicating involvement of the connective tissue sheaths of bronchioles. At an early stage of disease, serum ACE activity was found to be elevated and correlated with %V25 and v50/v25, both of which are sensitive indicators of small-airway disease. These findings support the hypothesis that the disease involves first the peripheral connective tissue of the lung and spreads lymphogenously o other sites of the lung and then to other organs.
